This essay seeks to focus on some recent advances in social and natural sciences that are relevant to a transition toward more sustainable practices and policies.
Some of the advances are beginning to be implemented but need to be scaled up;
others have yet to be employed or translated into usable tools. New knowledge in high-priority areas is also needed.
The goal of this essay is to catalyze interest in using scientific knowledge to maximize the likelihood of achieving healthy, productive, and resilient coastal and ocean ecosystems and enabling a vibrant suite of sustainable human uses Jane Lubchenco (jane.lubchenco@noaa. gov 
Roger Revelle
For almost half a century, Roger Revelle was a leader in the field of oceanography.
Revelle trained as a geologist at Pomona
College and the University of California, Berkeley. In 1936, he received his PhD in oceanography from the Scripps Institution of Oceanography. As a young naval officer, he helped persuade the Navy to create the Office of Naval Research (ONR) to support basic research in oceanography and was the first head of ONR's geophysics branch. Revelle served for 12 years as the Director of Scripps (1950 Scripps ( -1961 Scripps ( , 1963 Scripps ( -1964 , where he built up a fleet of research ships and initiated a decade of expeditions to the deep Pacific that challenged existing geological theory.
Revelle's early work on the carbon cycle suggested that the sea could not absorb all the carbon dioxide released from burning fossil fuels.
He organized the first continual measurement of atmospheric carbon dioxide, an effort led by Charles Keeling, resulting in a long-term record that has been essential to current research on global climate change. With Hans Suess, he published the seminal paper demonstrating the connection between increasing atmospheric carbon dioxide and burning of fossil fuels. Revelle kept the issue of increasing carbon dioxide levels before the public and spearheaded efforts to investigate the mechanisms and consequences of climate change.
Revelle left Scripps for critical posts as Science Advisor to the Department of the Interior (1961 Interior ( -1963 and as the first Director of the Center for Population Studies at Harvard (1964 Harvard ( -1976 . Revelle applied his knowledge of geophysics, ocean resources, and population dynamics to the world's most vexing problems: poverty, malnutrition, security, and education.
In 1957, Revelle became a member of the National Academy of Sciences to which he devoted many hours of volunteer service.
He served as a member of the Ocean Studies Board, the Board on Atmospheric Sciences and Climate, and many committees. He also chaired a number of influential Academy studies on subjects ranging from the environmental effects of radiation to understanding sea-level change. (Daily et al., 2000) . Physical, chemical, and biological perturbations of the ocean, land, and atmosphere-especially over the last few decades-have significantly altered the functioning of ecosystems and thus the delivery of their life-supporting services (Vitousek et al., 1997; Lubchenco, 1998; National Research Council, 1999; Millennium Ecosystem Assessment, 2005 ; United Nations Environment Programme, 2006; Carpenter et al., 2009a (Kathiresan and Rajendran, 2005) . At the global scale, the loss of species from large marine ecosystems has led to a reduction in the ocean's capacity to provide food, improve water quality, and recover from disturbance (Worm et al., 2006) . Although people will readily articulate some of the benefits they derive from the ocean (Figure 1) , they are usually unaware of many others, and they often miss the key points that most of those benefits depend on healthy ocean ecosystems and that these ecosystems are already degraded or threatened. Clearly, translating general scientific knowledge about the importance of ecosystem services into useful guidance and tools for decision makers is a high-priority challenge. Educating citizens and decision makers about the importance of services is necessary, but it is not sufficient without tools and information to translate that knowledge into practices and policies. Understanding, assessing, and measuring ecosystem services can be difficult (Carpenter and Folke, 2006; Carpenter et al., 2009a) . Moreover, most of the research on ecosystem services has been conducted in terrestrial systems. In addition, ecosystem services need to be explicitly linked to socioecological scenarios to demonstrate how ecosystems benefit humans (Tallis and Kareiva, 2006) . One major obstacle to ecosystem services valuation is that detailed information on how people benefit from specific services at scales useful for decision making is currently sparse (Turner and Daily, 2008) . In addition, because ecosystem services valuation is a rela- Insights from other scientific areas are also informing the understanding of coupled human and natural systems, specifically the study of complex adaptive systems. These systems are defined by the fact that dynamics of interactions at small scales affect macroscopic system dynamics, which then feed back to impact the small scales (Levin, 1998) .
Across numerous types of complex adaptive systems, the same key features appear necessary for a system to be robust and resilient (i.e., to have the capacity to absorb stresses and continue functioning; Levin and Lubchenco, 2008) : modular structure, redundancy of modules, diversity and heterogeneity of modules, and tight feedback loops (Levin, 1999) . Tradeoffs exist between elements, and therefore, optimum resilience may be obtained at intermediate levels of these components (Levin, 1999) .
Evidence suggests that ecosystems with higher diversity are more resilient (Millennium Ecosystem Assessment, 2005) . This has been documented for areas that are recovering from species loss: as diversity increases, valuable ecosystem services are restored, leading to higher resilience (Worm et al., 2006) (mcleod and leslie, 2009b) . Social and ecological domains interact over multiple geographic and organizational scales; understanding connections across scales is critical to the long-term success of ecosystem-based management efforts. Ecosystem services represent a key connection between domains, and the flow of services is affected by both social and ecological factors. Used with permission from Island Press planning efforts (Dietz et al., 2003) .
Because changes in environmental and social conditions are occurring, institutions must also be prepared to change, a core tenet of adaptive management (Dietz et al., 2003) . This raises the need Four of these tools are described below. (Douvere, 2008) . Because of the interdependency of human and natural systems, the MSP process is most successful when it involves broad participation by stakeholder groups, scientists, and managers (Pomeroy and Douvere, 2008) . In addition to consideration of human uses, it is important for planners to understand the biological communities and the key processes that maintain them in order to create plans that maximize ecosystem resilience (Crowder and Norse, 2008 Figure 6 . Relationship of number of young produced to body size of fish for vermillion rockfish. A 23-inch vermillion rockfish produces 17 times more young than it did when it was 14 inches long. Love et al. (1990) Productivity within marine reserves also leads to "spillover"-the migra- 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 catch Shares States, leads to a severe, seasonal dead zone in the Gulf of Mexico that extends across 20,000 km 2 (Rabalais et al., 2002) .
Used with permission from the Partnership for Interdisciplinary Studies of Coastal Oceans; data from
One proposed approach for combating excess nitrogen input might be the establishment of cap-and-trade policy for nitrogen, where a limit would be set on nitrogen input for each region (Socolow, 1999) , with regions able to trade quotas.
A similar approach was successfully used by the Environmental Protection Agency requires collaboration among international, national, regional, state, and local levels, which creates challenges (Ostrom et al., 1999) . The need to address problems at the local to regional scale associated with shared global resources is increasing. Globalization is occurring throughout many of our coupled human-natural systems, leading to increased connectedness, with both positive and negative results (Young et al., 2006) . A diversity of scales is necessary for effective, resilient management; by building on local and regional institutions to focus on global problems, the likelihood of success can be increased (Ostrom et al., 1999 Global threats to our coastal and marine ecosystems are rapidly increasing. We are currently operating in a "no analogue" state, in which human activities have driven global environmental change to a point that has never before been observed (Steffen et al., 2004) . Biodiversity is declining, our natural resources are being depleted, and habitats are being destroyed. Along with these changes come the losses of valuable ecosystem services on which humans depend.
In addition to rapid shifts in ecosystems, social systems can also undergo rapid change once a tipping point is 
